Introduction
Abnormal cardiac autonomic function 1, 2 and increased markers of inflammation 3, 4 are findings detectable in a sizeable proportion of patients affected by type 1 diabetes mellitus and are both associated with worse clinical conditions and outcome. [5] [6] [7] [8] Recent experimental data suggest that inflammatory reactions can be modulated by the activity of the autonomic nervous system (ANS). Specifically, vagal activity has been shown to have anti-inflammatory effects, which may mainly result from inhibition of macrophage activation through stimulation of macrophage nicotine receptors. 9, 10 On the other hand, possible effects of products and mediators of inflammation on the ANS activity have also been described. 11, 12 Accordingly, recent clinical studies have found a significant association between a reduced heart rate variability (HRV) and increased markers of inflammation in several populations, including apparently healthy subjects, 13, 14 and patients with heart disease. [15] [16] [17] [18] The exact relationship between cardiac autonomic function and inflammation, however, remains to be elucidated.
This study was aimed at assessing two questions: (i) whether a relationship between impaired cardiac autonomic function and inflammation also exists in patients with type 1 diabetes mellitus in the absence of any clinical evidence of heart disease; (ii) whether an intervention (i.e. beta-blocker therapy) known to have significant favourable effects on cardiac autonomic activity [19] [20] [21] might also improve low-grade inflammation in these patients.
Methods
This study consisted of two phases. In the first phase, we assessed the relation between HRV parameters and C-reactive protein serum levels in a group of type 1 diabetic patients. In the second phase, we randomized patients with reduced HRV to beta-blocker therapy or no-beta-blocker therapy. Specifically, we preventively decided to enrol in the second phase of the study patients who showed values below the median of the HRV variable found to have the best correlation with C-reactive protein serum levels.
The study protocol complied with the Declaration of Helsinki and has been approved by institutional research committee. All participants gave written informed consent to both phases of the study.
Study phase I Patients
About 400 patients with a diagnosis of type 1 diabetes mellitus according to the American Diabetes Association (ADA) guidelines 22 are regularly followed at the Diabetes Care Unit of our Hospital. In this study, we enrolled a consecutive group of such patients who fulfilled all the following inclusion criteria: (i) no symptoms suspected for heart disease in clinical history; (ii) normal physical examination; (iii) normal 2D-echocardiographic colour-Doppler exam; (iv) normal symptom-limited exercise stress test (Bruce protocol); (v) no clinical evidence of any acute or chronic inflammatory disease. All patients were treated on a regular basis with three subcutaneous injections of insulin at meal times and an injection of neutral protamine or glargine insulin at bedtime. Of 51 patients screened for the study, two were excluded because of exerciseinduced ST-segment depression. Thus, the study group included 49 diabetic type 1 patients, whose main clinical characteristics are summarized in Table 1 .
Clinical assessment
For each patient, HbA1c mean values were obtained by highperformance liquid chromatography analysis performed on Diamat BioRad (BioRad, Milan, Italy). The HbA1c reference range for healthy subject was 4.3-5.9%.
The presence of retinopathy was assessed by a trained ophthalmologist according to the criteria of the EURODIAB Prospective Complication Study. 23 Albumin excretion rate was also assessed in all patients using a radioimmunoassay method. Microalbuminuria was defined as an albumin excretion rate of 30-300 mg/24 h and macroalbuminuria as an excretion rate .300 mg/24 h in at least two consecutive urine samples, in the absence of a urinary tract infection. 24 Heart rate variability A 24 h electrocardiographic Holter monitoring (HM) was performed in all patients, using 3-channel tape recorders (Oxford Medilog FD5) and monitoring the bipolar chest leads CM5, CM1 and modified aVF lead. All HM tapes were analysed by an expert cardiologist, using the Oxford Medilog Excel 3.0 device (Oxford Instruments, Abingdon, UK).
Cardiac autonomic function was assessed by frequency-domain HRV analysis on the entire 24 h in the frequency range of 0 to 0.5 Hz using a fast Fourier transform spectral analysis algorithm, with a spectral resolution of 0.0005 Hz. Data were analysed in 10 min epochs throughout the 24 h, and results from all epochs were averaged to form a composite spectrum. The power of the RR-interval variations in the whole frequency range of the spectrum (total power frequency 0-0.5 Hz) and in the range of very-low frequency (VLF, 0.0033-0.04 Hz), low frequency (LF, 0.04-0.15 Hz) and high frequency (HF, 0.15-0.40 Hz) were obtained. Furthermore, the LF/HF ratio was calculated, and the average RR interval in the 24 h was obtained.
C-reactive protein measures
A venous blood sample was collected in all patients before starting HM. Blood was centrifuged and serum and plasma samples were frozen at 2808C until assayed. C-reactive protein serum levels were measured, using a high-sensitivity immunonephelometric method (Behring Nephelometric 100 Analyzer, Scoppito, Italy), the lowest detection limit of which was 0.05 mg/L.
Study phase II
LF power was the HRV variable that showed the best correlation with C-reactive protein serum levels (given subsequently). Thus, the 24 patients with an LF power value below the median level were invited to participate in the beta-blocker phase of the study. Three patients were excluded, however, because of refusal to participate (n ¼ 1), a referred history of asthma (n ¼ 1), and use of aspirin (100 mg/day, n ¼ 1) prescribed by the patient's physician after the first study phase. Thus, 21 patients, fulfilling the inclusion criteria and confirmed to have a stability of their clinical and diabetic status and absence of any contraindications to beta-blocker agents, were randomized to add atenolol (25 mg od for 3 days, then 50 mg od) to their standard treatment or to continue their standard treatment for 3-4 weeks. Patients were re-studied by HM in the same order in which they were enrolled in the first phase and assigned to either group using the last figure (even or odd) of a computer-generated table of random numbers.
A blood sample and a 24 h HM were repeated in these patients 3-4 weeks after randomization. All other medical therapy was left unchanged throughout the whole period from the first investigation to the end of the trial.
Although patients were obviously not blinded to group assignment, HRV analysis and measurement of C-reactive protein serum levels were performed by an expert cardiologist and an expert technician, respectively, who were blinded to patients' treatment and who were unaware of each other and of the results of the other's test.
Statistics
Between-group comparisons of continuous variables were done by the Mann-Whitney U test, whereas proportions were compared by Fisher's exact test. Correlation analyses were done by the Spearman test. Owing to skewed distribution, C-reactive protein and HRV variables were transformed into natural logarithmic values for parametric analyses. To better define the relation between impaired HRV and subclinical inflammation, patients were divided into quartile groups according to LF power values, and C-reactive protein levels were compared among these groups by analysis of variance (ANOVA), with multiple comparisons done by the Bonferroni test. As ANOVA showed that C-reactive protein serum levels were significantly lower in the bottom quartile group, but did not differ among the three other quartile groups, the latter were grouped together and C-reactive protein levels were also compared between the bottom LF power quartile group and all other patients, both by unadjusted and adjusted ANOVA, with variables associated with C-reactive protein at univariate analysis (P , 0.1) included as covariates.
The response of HRV variables and C-reactive protein serum levels to atenolol, when compared with the randomized control group (atenolol-C-reactive protein interaction), was assessed by two-way ANOVA with a repeated measure design. Correction for possible intra-group correlation was done by the GreenhouseGeisser method, and the Bonferroni correction was applied for multiple comparisons.
Statistical analyses were done by the SPSS 12.01 statistical software. Data are reported as mean + SD, unless differently indicated. All tests were two-sided, and a P , 0.05 was required for statistical significance.
Results
Heart rate variability parameters and C-reactive protein levels An inverse statistically significant, or just above statistical significant, correlation was found between C-reactive protein levels and HRV variables ( Table 2) , the most significant association being found with LF power (r ¼ 20.39, P ¼ 0.005, Figure 1 ). Other variables associated with Creactive protein serum levels included age, duration of diabetes, body mass index, triglyceride blood levels and microalbuminuria (inverse relation), with active smoking and hypertension being of borderline statistical significance ( Table 3) .
When assessed according to quartile values of LF power, C-reactive protein serum levels were significantly lower in patients in the bottom quartile (4.64 + 2.8 mg/L), compared with those in the second (1.76 + 1.6 mg/L, P , 0.001), third (2.42 + 1.4 mg/L, P ¼ 0.04), and top (1.20 + 1.62 mg/L, P , 0.001) quartiles (Figure 2 , P ¼ 0.003 by ANOVA), whereas no statistically significant differences were found among the three upper quartile groups. The difference in C-reactive protein levels between the bottom quartile group and the three top quartile groups of LF power combined (1.79 + 1.6 mg/L) was highly significant Figure 1 Relationship between C-reactive protein serum levels and lowfrequency power in 49 patients with type 1 diabetes mellitus. Continuous variables are related to C-reactive protein levels by the Spearman correlation analysis, whereas C-reactive protein levels in patients with or without individual nominal variables are compared by the Mann-Whitney U test.
(P ¼ 0.001) and persisted after adjustment for potentially confounding variables (i.e. age, duration of diabetes, body mass index, triglyceride blood levels, microalbuminuria, active smoking, and hypertension) (P ¼ 0.013).
Effect of beta-blockade
Of the 21 patients enrolled in the beta-blocker trial, 11 were randomized to receive atenolol and 10 to no-beta-blocker therapy. There were no differences in the main clinical and laboratory variables between the two groups of patients ( Table 4) . Both patients in the treatment group and those in the no-treatment group were re-studied at a median follow-up time of 1 month from the first study (interquartile time intervals 1-8 and 1-9, respectively; P ¼ 1.0).
The results of HRV parameters and serum C-reactive protein levels at the end of the trial period in the two groups are shown in Table 5 . There were no significant differences in HRV values at the basal evaluation. At follow-up, however, HRV variables were higher in the betablocker group when compared with no-beta-blocker patients, with the most significant difference being found for VLF power (P ¼ 0.016).
Moreover, HRV variables did not show any significant changes at follow-up in the no-beta-blocker group, whereas they improved, almost all significantly, in patients treated with atenolol ( Figure 3 ). C-reactive protein serum levels at baseline were not significantly different between the two groups. At follow-up, on the other hand, there was a significant reduction of C-reactive protein levels in the atenolol group, but not in the no-beta-blockade group (P ¼ 0.04 by two-way ANOVA) ( Figure 3 ).
Discussion
In this study, we found a significant association between impaired cardiac autonomic function, as assessed by the HRV analysis, and low-grade inflammation, as assessed by Creactive protein serum levels, in patients with type 1 diabetes mellitus. Furthermore, patients with low values of LF power showed higher C-reactive protein serum levels also after adjustment for possible confounding variables. Most important, we found that the significant improvement of HRV in the group of patients with a clear impairment of cardiac autonomic function treated with atenolol was associated with a parallel reduction of C-reactive protein serum levels. In contrast, no significant changes in both HRV variables and C-reactive protein serum levels were detected in patients not treated with atenolol.
Taken together, our data give further support to the evidence that an imbalance of the ANS activity, characterized by a predominance of sympathetic activity, may favour inflammatory reactions and suggest that intervention able to modify the sympatho-vagal balance towards a reduction of adrenergic activity and a relative increase of vagal tone may also modulate the inflammatory state.
Finding interpretation
The frequent impairment of autonomic nervous function in diabetic patients is well known 1,2 and it is also associated with worse clinical conditions and outcome. 5, 6 More recent studies, on the other hand, have shown that inflammation is also increased in diabetic patients 3, 4 and might also contribute to a bad clinical outcome. 7, 8 In this study, for the first time, we show a significant association in type 1 diabetic patients between inflammation, as assessed by serum C-reactive protein levels, and impaired cardiac autonomic function, as assessed by frequency-domain HRV parameters.
In a very recent study, diabetic neuropathy, in type 1 diabetic patients, has been shown to be associated with tissue necrosis factor-alpha system, whereas no significant relation with C-reactive protein levels was found. 25 However, in this study, only a minority of patients showed abnormalities in cardiac autonomic function, which was also assessed with methods (deep breathing, Valsalva manoeuvre) less sensitive than HRV in detecting early cardiac autonomic impairment. 26, 27 Our results, on the other hand, confirm some previous findings obtained in other populations, including healthy subjects, 13, 14 patients with stable or unstable coronary artery disease, 15, 16 and patients with heart failure. 17, 18 In particular, by showing significantly increased C-reactive protein serum levels specifically in patients with LF power values in the bottom quartile, the results of this study confirm our previous observation that the relation between cardiac autonomic function and inflammation may become particularly evident when clearly abnormal findings are detectable, whereas it may be less evident when subjects with HRV values and C-reactive protein levels still in the normal or near-normal range are considered. 16 The exact relationship between cardiac autonomic dysfunction and inflammation in the clinical setting remains to be elucidated. Indeed, whether impaired autonomic function may be a major causal factor for inflammation or vice versa or even whether both are caused by an independent third factor remains to be established.
Experimental findings suggest that the nervous autonomic system can significantly modulate inflammatory reactions. 9, 10 Autonomic fibres innervate the lymphoreticular system (e.g. spleen, liver, gut, bone marrow) and may influence tissue inflammatory cells in these organs as well as in inflamed tissues. 28 Vagal stimulation, in particular, may reduce inflammatory reactions by inhibiting tissue macrophage activation through stimulation by acetylcholine 9, 10 of macrophage nicotine receptors. High sympathetic activity, on the other hand, may favour, and sympathectomy thwart, inflammatory reactions. 29, 30 Products of inflammation, however, have also the potential to influence nervous autonomic activity. Thus, IL-6 and TNF may reach the hypothalamus and the limbic system and stimulate autonomic-related centers. 11 Furthermore, inflammatory mediators may stimulate peripheral afferent endings evoking autonomic responses finalized to modulate the inflammatory reaction (inflammatory reflex). 28 In this study, for the first time, we give some evidence in man that a causal link may exist between modulation of ANS activity and inflammation. Indeed, the beta-blocker atenolol, as expected, [19] [20] [21] improved HRV (i.e. sympatho-vagal balance) in our patients, and this was associated with a parallel decrease in C-reactive protein in the absence of any change of the clinical status of patients.
Although we cannot exclude an effect of atenolol on inflammation, we suggest that the C-reactive protein reduction observed in our patients was actually mediated by the improvement of autonomic nervous function. Indeed, the direct effects of beta-blockers on cardiac autonomic activity are well known, and several studies have repeatedly showed its ability to improve HRV in several groups of patients, including type 1 diabetic patients. 20 Thus, although several other factors may variably contribute to inflammation and although we cannot exclude that inflammation may influence ANS activity, our data strongly support the hypothesis that short-term variations in ANS activity may significantly influence inflammation in diabetic type 1 patients and that this is likely to occur also in other clinical conditions.
It should be acknowledged that we cannot also exclude the possibility that the reduction in C-reactive protein by atenolol might be related to a local antagonist drug effect on a potential adrenergically stimulated C-reactive protein Figure 3 Basal and follow-up data (average + SEM) of low-frequency power (left) and C-reactive protein serum levels (right) in patients treated or not treated with atenolol for 3-4 weeks.
production by liver cells. To our knowledge, however, there are no clinical or experimental findings supporting a direct effect of adrenergic activity on C-reactive protein release by the liver.
Clinical implications
The possibility to improve simultaneously autonomic nervous function and inflammation may suggest that betablockers may be helpful in diabetic patients with cardiac autonomic dysfunction, although our data deserve confirmation in larger studies, and only appropriately designed clinical trials may establish whether beta-blockers may improve clinical outcome in these patients.
Recent data suggested that inflammation may be predictive of sudden death in some groups of patients with severe forms of heart disease. 31, 32 The association between HRV and C-reactive protein, however, may suggest that this relation may be mediated by the impaired autonomic function, frequently present and predictive of sudden death in these groups of patients. 33, 34 Limitations of the study It should be acknowledged that the beta-blocker study included a small group of patients and was not blinded or placebo-controlled. However, HRV variables and C-reactive protein serum levels were assessed independently and in a blinded way, and it is also unlikely that they could be significantly influenced by a subjective placebo effect.
Inflammation was assessed only by serum C-reactive protein measurements, whereas confirmation of the effect of atenolol on inflammatory state by other markers of inflammation might have given further strength to our study. However, C-reactive protein is the most largely used inflammatory biomarker in research studies and in clinical practice, and the large experience accumulated on C-reactive protein suggests that it can be used reliably to assess the inflammatory state.
